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a  b  s  t  r  a  c  t
In this research article, lead-free nanocomposite soldering is assessed by using the eutec-
tic composition of Sn-3.5Ag-0.7Cu (SAC, wt%) solder alloy as the matrix and graphene
nanoplatelets (GNPs) as the reinforcing agent. Powders of these materials are mixed in a
mechanical milling system, then compacted, and sintered before application. The effects
of  GNPs content with different amounts of 0.05, 0.1, and 0.2 wt% are examined to prepare
nanocomposite solders as compared to the SAC solder alloy. Furthermore, to improve the
metallurgical compatibility between the graphene and SAC solder matrix, the surface of
GNPs  was decorated by nickel particles using electroless plating techniques before incor-
poration. After that, the solderability of these prepared lead-free nanocomposite solders is
investigated on the copper substrate. As the main result, the formation of the intermetallic
compound (IMC) layers at the interface between the Cu-substrate and solder material was
found  very determinative to control the mechanical performance of soldered joints during
lap-shear testing. The content of GNPs and Ni-coating modification strongly affected the
morphology and growth of IMC layers at the interface. By increasing the amount of GNPs up
to  ∼0.2 wt% and using Ni-coating, the growth of IMC layers was considerably suppressed,
leading to a significant improvement of the joint strength up to ∼27%, despite a reduction
of  ∼50% of the ductility. Furthermore, isothermal aging at 150 ◦C up to 100 h resulted in a
remarkable increase in the shear strength (∼45%) and elongation to failure (∼19.9%) through
controlling the growth of 
©  2020 Published by E
∗ Corresponding author.
E-mail: fkhodabakhshi@ut.ac.ir (F. Khodabakhshi).
ttps://doi.org/10.1016/j.jmrt.2020.06.026
238-7854/© 2020 Published by Elsevier B.V. This is an open access arti
icenses/by-nc-nd/4.0/).the IMC layers at the interface.
lsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
cle under the CC BY-NC-ND license (http://creativecommons.org/
 o l . 8954  j m a t e r r e s t e c h n
1.  Introduction
In the electronic industry, the production of thermally stable
connections withstanding the thermal fatigue phenomenon
during the service is a challenging task [1]. Commonly, the
mechanical performance of electronic components is strongly
affected by the strength of the solder joints, which are consid-
ered as one of the weakest parts of these systems [1]. Within
the last decade, considering the environment compatibility
issues, lead-free solders have been developed to terminate
the application of solders containing the Pb element [2]. Since
then, researches have been focused on the development of
lead-free solders with improved physical and mechanical
durability as suitable candidates for low-temperature bond-
ing [1]. In this regard, considering the low melting point of tin
and the possibility to control the wettability by the addition
of some alloying elements, several Sn-based lead-free solder
systems have been introduced [3,4]. Depending on the appli-
cation type and the required specifications, alloying elements
such as bismuth, silver, copper, zinc, indium, and nickel have
been applied [5–11]. One of the exciting and famous solder
systems in this field is a ternary eutectic alloy between tin,
silver, and copper with a chemical composition or stoichiom-
etry of 95.8Sn-3.5Ag-0.7Cu (in wt%) also called as SAC3507
[3,4,12,13]. The SAC3507 solder alloy provides a low melting
temperature of ∼220 ◦C with a proper wetting action. However,
its application can be restricted by low strength and feeble
fatigue resistance, especially at high temperatures during ser-
vice conditions under cyclic heating of electronic connections
[3,13].
One effective approach for enhancing the durability of
SAC solder alloy is reinforcing the soft material matrix by
uniform dispersion of solid secondary phase nanoparticles
and fabrication of a nanocomposite [2]. Several reports were
noted on using different reinforcing nano-sized agents for
this kind of nanocomposite fabrication, such as; SiC [14–16],
Al2O3 [17], TiC [18], Fe2O3 [19], TiO2 [20,21], ZnO [22,23], Si3N4
[24,25], CeO2 [26], Ag3Sn [27], SnO2 [28], ZrO2 [29], La2O3 [30],
ZrSiO4 [31], and etc.  By comparing the highlighted results in
this regard in the literature, it can be found that the dif-
ferent reinforcing agents with different chemistry displayed
different effectiveness on enhancing the thermal stability
and mechanical strength of SAC solder alloy [2]. Commonly,
the intermetallics displayed the best compatibility with the
solder alloy matrix caused by the in situ mechanism of
formation. On the other side, oxide-based solid nanoparti-
cles are advantageous due to ease of attaining a uniform
dispersion during the manufacturing. Meanwhile, carbide-
based nanoparticles are also of interest because of their
quite hard nature for processing solder matrix nanocompos-
ites with superior mechanical properties. Recently, special
attention was focused on using carbon-based structures as
reinforcing agents, including carbon nanotubes and graphene,
regarding the superior physical and mechanical properties
of these materials [32,33]. Graphene as an exfoliated sin-
gle layer of graphite (thickness <0.35 nm)  is a new advanced
2D-material with a high aspect ratio, lightweight, and low
cost, exhibiting a high thermal and electrical conductivity
as well as extremely high strength of over than 130 GPa and2 0 2 0;9(4):8953–8970
Young’s modulus of higher than 1000 GPa in the plane direc-
tion [34,35]. Graphene has an excellent potential to be used
in photonic and electronic applications as well as employ-
ing as a reinforcing agent for the production of advanced
nanocomposites [36]. Graphene has a wide application, such
as; (i) enhanced performance of light-controlled conductive
switching in hybrid cuprous oxide/reduced graphene oxide
(Cu2O/rGO) nanocomposites [37]; (ii) enhanced X-ray pho-
ton response in solution-synthesized CsPbBr3 nanoparticles
wrapped by reduced graphene oxide [38]; (iii) preparation of
cubic Cu2O nanoparticles wrapped by reduced graphene oxide
for the efficient removal of rhodamine B [39]; (iv) tunable
photoluminescence of water-soluble AgInZnS-graphene oxide
(GO) nanocomposites and their application in vivo bio-imaging
[40]. This interesting material can be synthesized in the
experiment simply according to the Hummer’s approach by
exfoliation of graphene oxide (GO), chemically [41]. Graphene
nanoplatelet (GNP) is defined as a combination of several free-
standing graphene monolayers with a thickness higher than
10 nm and a larger diameter in the range of micron [33]. This
new class of carbon-based material is an excellent candidate
for incorporation as a reinforcing agent in the fabrication of
metal-matrix nanocomposites [42–44].
Some limited reports on the literature were focused on the
addition of graphene as the secondary phase reinforcing agent
into the matrix of lead-free solder alloys for the production of
nanocomposite solders [45–52]. In the primary researches by
Xu et al.  [48,50], graphene nanosheet was introduced as an
active reinforcing agent for strengthening of Sn–Ag–Cu solder
alloy matrix by controlling the interfacial chemical reactions
and corrosion behavior at the interface with the copper sub-
strate. Chen et al.  [45] studied the microstructural details,
and the mechanical properties of the graphene reinforced
Sn–Ag–Cu solder alloy as a new solder nanocomposite. Next,
in the works by Xu et al. [49,52] and Jing et al. [46], the surface
of graphene nanosheets was modified by silver (Ag) coating
before application as a reinforcing agent. In those researches,
Ag nanoparticles were successfully decorated on the surface of
nanosheets, and the influence of these Ag-modified graphene
nanosheets on the formation and growth of intermetallic com-
pound (IMC) layers through the Sn–Ag–Cu solder alloy matrix
was investigated [46,49,52]. Also, the microstructural charac-
teristics and mechanical performance of the soldered joints
were studied with more  details that showed some degree of
improvement concerning the non-coated graphene [45,48,51].
Recently, some trial results were reported by Khodabakhshi et
al.  [51] and Wang et al. [47] on using nickel as a modification
material on the surface to enhance the metallurgical com-
patibility between the graphene and SAC solder alloy matrix.
However, more  research studies would be required to reveal
all aspects of the involved metallurgical phenomena, and also
optimize the design and performance of modified nanocom-
posite solders.
Therefore, the main object of the current research is focus-
ing on the development of this kind of new solder material
as a system including Sn–Ag–Cu solder alloy reinforced with
graphene nanoplatelets (GNPs) dealing by more  details exami-
nation of soldering process parameters. The main novelties of
this work as compared to previous reports can be emphasized
into three different directions, as follow; (i) investigating the
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Table 1 – Characteristics of the original materials.
Raw material Company Chemical purity Average particle size Morphology
Sn Merck, Germany 99.9% <63 m Particulate
Ag Merck, Germany 99.99% <20 m Particulate
Cu Merck, Germany 99.5% <20 m Particulate
Graphene US Nano, USA 99.8% <2 m Platelets
Fig. 1 – TEM results from GNPs (a–c) before and (d–f) after nickel electroless coating; (a, d) Bright-field TEMs images, (b, e)







Fig. 2 – XRD patterns of GNPs 
nfluence of GNPs content in terms of changing in the weight
raction, (ii) Ni-coating modification of GNPs by electroless
lating, and (iii) optimizing the isothermal aging treatment
n terms of temperature and time control. Considering the
nfluence of intermetallic compounds (IMCs) as reinforcingefore and (b) after Ni-coating.
hard particles through the solder alloy matrix and as a chemi-
cal bonding layer at the interface with the copper substrate
on the mechanical performance of soldered joints [53,54],
alterations in the formation and growth of IMC  particles and
layers were studied in more  details by controlling the main
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Fig. 3 – Schematic representation of the accomplished procedure for the fabrication of nanocomposite solders.
of soFig. 4 – Schematic 
soldering parameters. To this end, depending on the change
in the content of GNPs (in the range of 0–0.2 wt%), employing of
Ni-coating for modification of the surface of GNPs, and imple-
mentation of isothermal aging treatment, a correlation was
established between the microstructural details and mechan-
ical properties to reach the maximum joining efficiency.
2.  Materials  and  methods
2.1.  Raw  materials
In this work, elemental powders of tin (Sn), silver (Ag), and cop-
per (Cu) with chemical purity and characteristics, as expressed
in Table 1, were supplied from the Merck Company (Germany)
and utilized to prepare the solder alloy. Furthermore, graphene
nanoplatelets (GNPs) with a diameter of <2 m,  thickness
of <20 nm,  and high purity, as shown in Table 1, were pur-
chased from the US Nano Company (USA) and used as the
secondary phase reinforcing agent. High magnification bright-ldering procedure.
and dark-field transmission electron microscopy (TEM) images
and selected area diffraction (SAD) patterns from these GNPs
are illustrated in Fig. 1a–c, respectively.
2.2.  Electroless  deposition  of  nickel  on  the  graphene
surface
As one of the main interests of the present research, some
portion of GNPs was coated with nickel before application.
As previously mentioned, the role of this Ni-coating layer is
the reduction of the metallurgical incompatibility between
the carbon-based structure of graphene and solder alloy
[55]. For a successful decoration of nickel particles on the
surface of graphene, the electroless plating technique was
employed. At first, a solution containing SnCl2 (10 g/L) and
PdCl2 (0.5 g/L) was used to activate the surface of GNPs. For
this purpose, GNPs were introduced into the chemical solu-
tion and subjected to ultrasonic vibrations for about 30 min
to break the aggregates of particles and adequately accom-
plish the sensitization process. Then, by using a centrifugal
j m a t e r r e s t e c h n o l . 2 0 2













efore and after Ni-coating.
ystem working at a rotational speed of 4000 rpm, the acti-
ated GNPs were separated from the solution. After that, the
hemical solution for conducting the electroless plating pro-
ess containing nickel sulfate (NiSO4·7H2O, 25 g/L), hydrazine
onohydrate (N2H4·H2O, 30 g/L), sodium tartrate (C4H4O6Na2,
0 g/L), ammonium sulfate ((NH4)·2SO4, 50 g/L), and ammo-
ium hydroxide (NH3·H2O, 5%), was prepared. By inserting the
ig. 6 – DSC heat-flow curves for (a) SAC solder alloy, (b) SAC/GNP
easured melting temperature for different solders versus the co
resented DSC curves. 0;9(4):8953–8970 8957
activated GNPs into the mentioned bath and setting the main
parameters for plating, the electroless decoration of nickel
particles was successfully carried out. In this regard, the pH of
10, solution temperature of 90 ◦C, ultrasonic power of 100 W,
and the storage time of 45 min  were applied as the leading
environmental conditions. Toward the direction of chemical
reactions and nickel decoration of the surface of graphene,
NiSO4 can act as the source of nickel and N2H4·H2O as a
reducing agent. After electroless plating, the Ni-coated GNPs
were removed from the solution by using a centrifugal sep-
arating system and after that wholly dried in an oven at a
temperature of 50 ◦C for about 24 h. The morphology of Ni-
coated GNPs was studied by TEM analysis, and the results are
presented in Fig. 1d–f. According to the TEM images in Fig. 1d
and e, and diffraction analysis in Fig. 1f, no considerable alter-
ation in the morphology of nanoplatelets during electroless
plating can be noted, despite nickel particles decoration on the
surface of them. Furthermore, the successful implementation
of the Ni-coating process is displayed in the X-ray diffraction
(XRD) analysis results of the GNPs before and after Ni-coating
in Fig. 2, showing a considerable change in the crystallography
of the material and appearance of the peaks correspondingcoated and Ni-coated GNPs were considered as reinforcing
s, and (c) SAC/Ni-GNPs solder nanocomposites. (d) The
ntent of GNPs before and after Ni-coating based on the
8958  j m a t e r r e s t e c h n o l . 
Fig. 7 – (a) Cross-section of soldered joint for assessment of
wettability and (b) the measured wetting angle for
produced solders as a function of GNPs fraction before and
after Ni-coating.
agents to elaborate on the influence of GNPs and Ni-coating,
separately.
2.3.  Production  of  nanocomposite  solders
At first, the Sn, Ag, and Cu elemental powders were mixed
according to the eutectic weight percent ratio of 95.8–3.5–0.7
(wt%)  by using a simple mixer. Then, GNPs with different
weight percent ratios of 0%, 0.05%, 0.1%, and 0.2% were
added to the powder mixture of SAC solder alloy. To avoid
segregation of elements during soldering induced melting
because of difference in the density of ingredients, process-
ing was implemented according to the powder metallurgy
(P/M), and mechanical alloying (M/A) routes by using a plan-
etary ball mill. The ball milling process was conducted by
setting a rotational speed of 90 rpm for 20 h under the argon
atmosphere. To avoid exposing the mixed powders with impu-
rities during the mechanical milling process, the cup and
steel balls were made of hard steel coated by chromium.
Mixing of all elemental powders was performed under the
inert gas atmosphere using argon. After mixing and alloying,
the powders were compacted to the small solid disks with2 0 2 0;9(4):8953–8970
a diameter of 5 mm and a thickness of 1.5 mm by placing
them into a cylindrical die made of hard steel and applying
a uniaxial pressure of 150 MPa. After that, the final sintering
step was performed by furnace heating at a temperature of
∼185 ◦C for 2 h under the inert atmosphere using argon gas.
Different actions for the preparation of lead-free nanocom-
posite solders are plotted in the schematic representation
of Fig. 3. According to this explained powder metallurgy
procedure, the solder alloy and the nanocomposite materials
were prepared.
2.4.  Physical  properties  of  the  produced  nanocomposite
solders
2.4.1.  Density
To measure the density of compressed and sintered solid disks
from the SAC solder alloy and SAC-GNPs nanocomposite sol-
ders, the Archimedes method was employed [56]. At first, the
weight of samples was measured by a scale. Then, by immers-
ing through the distilled water, the change of the volume was
determined. After that, by using the Archimedes equation,
density was calculated. For each sample and processing con-
dition, at least three measurements were performed to check
the repeatability of data.
2.4.2.  Melting  point
To determine the melting temperature of solder alloy and
nanocomposites, differential scanning calorimetry (DSC)
analysis was implemented according to the standard of ASTM
D3418/E1356. In this regard, a Mettler Toledo DSC instrument
(Mettler-Toledo Inc., Canada) was used. For DSC testing, the
weight of samples was in the range of 50–70 mg.  All tests were
conducted under the argon atmosphere with a heating rate
of ∼10 ◦C/min up to a maximum temperature of ∼300 ◦C. By
observation of a prominent endothermic peak in the heat-
ing cycle, the melting temperature was determined. For such
melting temperature measurements, also DSC analysis was
repeated at least three times, and the average measured data
is reported.
2.4.3.  Wettability
Wettability is a fundamental and determinative physical prop-
erty of solder materials that can be defined and expressed
in terms of the wetting angle. According to designations for
the standard of ASTM D7334-08, the contact angle between
the copper substrate and different solder materials was mea-
sured and compared. In this case, a semi-soldering thermal
cycle was accomplished. For such purpose, the solder mate-
rial and the RMA  flux were placed on the polished surface
of a copper substrate and then heated up to a maximum
temperature of ∼250 ◦C for a holding time of around 5 min
in an atmosphere-controlled furnace. After cooling down  to
the ambient temperature, the set-up was removed from the
furnace and sectioned in the middle of a solidified droplet.
Then, by using a goniometer equipped camera system, the
maximum height and contact angle were measured. For each
condition, tests were repeated three times to measure and
report reliable data for the wetting angle.
j m a t e r r e s t e c h n o l . 2 0 2 0;9(4):8953–8970 8959



































.5.  Nanocomposite  soldering
 schematic of the lap shear sample design used for the
etermination of the mechanical properties of the lead-free
anocomposite solders of this research is illustrated in Fig. 4.
ample preparation for soldering was performed according
o the standard of ASTM D1002-94. In this case, square cop-
er sheets with an overlap dimension of 10 mm × 10 mm,
 thickness of 1.2 mm,  and a length of 50 mm were used.
efore conducting the soldering process, the surfaces of cop-
er sheets were ground, polished, and cleaned. With the aid
f rolling process and occurrence of dynamic softening of the
AC solder alloy at room temperature, thin foils with a thick-
ess of about 250 m were prepared and cut to rectangular
ieces of 10 mm × 10 mm.  After cleaning of the copper sub-
trates and solder foils in an ultrasonic bath of acetone, the
MA  flux was pre-placed at the interface between the sub-
trate and solder to avoid undesirable oxidation and also aid
he deoxidizing process. As it is well established, the RMA flux,
hich is a synonym for mildly activated rosin, contains the
olatile acids that can react with the oxide layers on the sur-
ace of the substrates and, therefore, aid cleaning the surface
efore soldering [1]. Furthermore, by covering the soldering
rea like a slag layer, it can avoid any undesirable oxidation
uring the soldering process [1]. Then, the lap-shear sample
as placed as a sandwich within a soldering fixture with the
esired amount of pressure loading. The final soldering step
as performed by placing this set-up into an atmosphere-
ontrolled furnace, heating up to the maximum temperature
f 250 ◦C, holding for 30 min, and then cooling down to the
oom temperature. This soldering process was carried out for
he SAC solder alloy as well as all SAC-GNPs nanocomposite
olders.2.6.  Aging  treatment
In order to study the evolution of the microstructure and
the mechanical properties of Cu/SAC/Cu and Cu/SAC-GNPs/Cu
soldered joints, isothermal aging treatment was performed.
This post-processing was performed by placing the soldered
joints in the furnace at the temperature of ∼150 ◦C and hold-
ing up to long times as 100 h. Subsequently, the samples were
removed from the oven and cooled down to room temperature.
2.7.  Characterization  of  the  soldered  joints  before  and
after  aging
2.7.1.  Microstructural  analysis
Microstructural studies were performed across the thickness
section of the soldered joints before and after isothermal aging
treatment. For this purpose, the prepared lap-shear joints
were cross-sectioned by using a diamond cutter and consid-
ered for further metallographic sample preparation. After the
accomplishment of standard mechanical grinding and polish-
ing, a chemical reagent made of 2 vol% HCl and 2 vol% HNO3
through the ethanol solution (96 vol%) was used to reveal the
grain structure of solder matrix. After that, the microstruc-
ture of samples was analyzed using field emission-scanning
electron microscopy (FE-SEM). A JEOL 7600F FE-SEM micro-
scope (JEOL, Japan) equipped with the energy-dispersive X-ray
spectroscopy (EDS) detector was used for these analyses.
2.7.2.  Transverse  (tensile)-shear  testing
To evaluate the mechanical properties of non-aged and aged
lap shear solder joints prepared with SAC solder and SAC-
GNPs nanocomposite solders before and after Ni-coating,
shear testing was conducted in accordance with the standard
of ASTM D1002. In this regard, a SANTAM uniaxial universal
tensile loading machine (SANTAM STM150, Iran) was used. All
shear tests were performed at room temperature with setting
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Fig. 9 – Microstructure of soldered joints reinforced by (a, d) 0.05, (b, e) 0.1, and (c, f) 0.2 wt% GNPs (a–c) before and (d–f) after
nickel coating.
a constant cross-head speed of 2 mm/min. For each process-
ing condition, experiments were repeated three times, and the
average mechanical properties in terms of shear strength and
flexibility were calculated and reported.
2.7.3.  Fracture  behavior
After shear testing, the fracture surfaces of the non-aged and
aged soldered joints were evaluated by visual examination of
the failed components. To study the failure behavior of the
samples with more  details, fractographic investigations were
conducted utilizing FE-SEM.
3.  Results  and  discussion
3.1.  Effects  of  GNPs  and  Ni-coating  on  the  physical
properties  of  solders
3.1.1.  Density
The measured density results for SAC-GNPs nanocomposite
solders before and after nickel electroless coating are plot-
ted in Fig. 5 versus the content of GNP compared to the
un-reinforced SAC solder alloy. Considering the theoretical
density for SAC solder alloy of ∼7.40 g/cm3, a density of ∼98%
of the theoretical value is attained after the implemented pro-
cessing route in this work according to P/M and M/A. By solder
nanocomposite fabrication and increasing the amount of rein-
forced GNPs up to ∼0.2 wt%, density is continuously reduced
down to ∼95% of the theoretical value. Such a trend could
be attributed to an increase in the resistance of the pow-
der mixture to compaction with increasing the amount of
the reinforcing agent. Although in the presence of Ni-coating,
a slightly lower density reduction can be noted caused byenhancing the compatibility between the graphene and solder
alloy matrix [48,57,58].
3.1.2.  Melting  temperature
The DSC testing results as heat flow curves for first solder alloy
and nanocomposite solders are demonstrated in Fig. 6a–c. The
results for the melting point of solder alloy and nanocom-
posites measured by DSC analysis before and after Ni-coating
as a function of GNPs content are summarized in the graph
of Fig. 6d. As seen, by increasing the amount of incorpo-
rated GNPs, the melting temperature of solder is continuously
increased. A maximum temperature rising of ∼5–8 ◦C can be
noted after introducing of GNPs with the content of ∼0.2 wt%
in contrast to the melting temperature of ∼219.2 ◦C for SAC
solder alloy. Meanwhile, in the presence of Ni-coating, alter-
ation in the melting point is not significant as compared to
the none-coated ones, i.e., <1–3 ◦C. In general, change of melt-
ing temperature in such a minor range maybe ignorable for
practical applications. Concerning the variation of melting
temperature of the SAC solder alloys in the presence of the
reinforcing agent, different reports can be found in the litera-
ture [2]. Depending on the type of secondary phase reinforcing
nano-sized agents, in some cases, a slight increase, in some
instances, slightly decreasing, and in some others, no alter-
ation of melting temperature for SAC-based nanocomposite
solders was highlighted [2]. However, the results of the present
research illustrate a slight increase in the melting point of the
solder due to the addition of GNPs to the SAC solder alloy
matrix.
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Fig. 10 – Variations of IMC  layer thickness versus the
content of GNPs without and with nickel coating
immediately after soldering.
Fig. 11 – Tensile-shear flow behavior of the soldered joints








Fig. 12 – Effects of non-coated and Ni-coated GNPs on (a)
shear strength and (b) elongation to failure of the soldered
joints.fter Ni-coating.
.1.3.  Wetting  angle
he wetting angle for first solder alloy and processed
anocomposite solders was determined based on a cross-
ectional examination of the soldered samples, as shown in
ig. 7a. In Fig. 7b, the wettability of solder nanocomposites is
ompared with the SAC solder alloy in terms of the wettingangle. In this regard, the lower wetting angle corresponds to
a better wettability. The results reveal the beneficial influence
of GNPs with a continuous decrease in the wetting angle with
increasing the GNPs content in all cases. A maximum wetting
angle decrease of about 5 degrees is attained by incorporation
∼0.2 wt% of GNPs.
Based on data presented in Figs. 5–7, incorporation of GNPs
and the presence of Ni-coating leads to a continuous increase
in the melting temperature of solder as well as a constant
decreasing trend in the density and wetting angle. It is worth
noting that graphene cannot react with the molten solder alloy
during the mechanical milling, subsequent reflow processes,
and even during service conditions [48]. However, incorpora-
tion of these GNPs as a secondary phase can retard the melting
process by acting as a hindering agent, which consequently
leads to a slight increase in the melting temperature. Also,
they can improve the wettability on the copper substrate dur-
ing the reflow process in terms of decreasing the wetting angle
caused by accelerating the diffusion phenomena and chem-
ical reactions at the interface due to higher configurational
entropy [45,59].
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Table 2 – Mechanical properties of soldered joints reinforced by different contents of GNPs and Ni-GNPs.
Solder Composition Modification Content of GNPs (wt%) E (GPa) Y (MPa) UTS (MPa) F (MPa) e (%)
Alloy SAC – 0 45.6 14.8 22.2 15.1 32.1
Nanocomposite SAC-GNPs – 0.05 47.5 17.8 22.6 9.8 23.2
Nanocomposite SAC-GNPs Ni-coating 0.05 48.1 16.2 24.1 19.3 27.2
Nanocomposite SAC-GNPs – 0.1 49.4 18.8 26.1 10.9 13.7
Nanocomposite SAC-GNPs Ni-coating 0.1 50.1 16.5 27.9 15.1 20.5
Nanocomposite SAC-GNPs – 0.2 52.5 19.2 27.3 13.5 12.4
Nanocomposite SAC-GNPs Ni-coating 0.2 53.4 19.4 28.3 16.7 16.1
* E, elastic modulus; Y, yield stress; UTS, ultimate shear strength; F, fracture stress; e, elongation to failure.
Fig. 13 – FE-SEM images from the fracture surface of a failed Cu/SAC/Cu soldered joint.3.1.4.  Microstructure
FE-SEM images showing the microstructural features for pro-
cessed solder alloy and nanocomposites are presented in
Supplementary Electronic Document, ESI Fig. S1. The effects
of GNPs content and Ni-coating modification on the grain
structure of the SAC solder alloy matrix can be found by
comparing these micrographs. Moreover, the distribution of
intermetallic compound (IMC) particles through the solder
alloy matrix are noted as the large and elongated secondary
phases along the grain boundaries. According to the compo-
sition of SAC alloy, these particles are mainly consisting of
Ag3Sn intermetallic phase after solid-state processing via P/M
and M/A  routes of manufacturing. By increasing the weight
fraction of GNPs, the grain structure of solder alloy becomes
continuously finer (compare ESI Fig. S1a–S1c). In this case, the
average grain size was reduced from an initial value of ∼50 m
for SAC alloy down to ∼20 m for SAC-GNPs nanocomposite
after incorporation of ∼0.2 wt% GNPs. Also, the distribution
of IMC  particles develops as homogenous and with finer
sizes. Further microstructural refinement (∼15 m)  and more
uniform dispersion of IMC  particles are attained by utiliz-
ing the Ni-coated GNP as a reinforcing agent in 0.2 wt% (see
ESI Fig. S1d). Continuous refining the microstructure of sol-
der alloy by introducing the GNPs into the SAC solder alloy
matrix and increasing its content (as shown in ESI Fig. S1)could be attributed to the pinning action of nanoplatelets
against the operative dynamic restoration phenomena during
P/M and M/A processing routes [51,57]. Attaining a uniform
dispersion from these phases is provided by increasing the
content of GNPs, as illustrated in FE-SEM micrographs of ESI
Fig. S1.
3.2.  Effects  of  GNPs  and  Ni-coating  on  the
microstructure  and  mechanical  properties  of  soldered
joints
3.2.1.  Microstructure
The cross-sectional micrographs of copper soldered joint by
using SAC solder alloy is shown in the FE-SEM image  of
Fig. 8. According to this micrograph, the formation of a con-
tinuous IMC layer at the interface with the copper substrate
and several distinct elongated IMC particles through the SAC
solder alloy can be noted. The growing morphology of this
IMC layer seems like scallop-shaped, with a chemical com-
position/stoichiometry near to Cu6Sn5 phase, and an average
thickness of ∼4.7 m.  In the presence of GNP as a reinforcing
agent within the matrix of solder alloy, different microstruc-
tural aspects can be seen in FE-SEM images of Fig. 9 before and
after Ni-coating depending on the weight fraction of GNPs. At
first, the morphology of the IMC layer at the interface changed
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Fig. 14 – FE-SEM images from the solder side fracture surfaces of failed soldered joints modified with (a, d) 0.05, (b, e) 0.1,












Fig. 15 – Microstructure and EDS analysis of Cu/SAC/C
rom the bar-shaped toward the cauliflower-state. Further-
ore, in proportion to the amount of incorporated GNPs, the
hickness of the IMC  layer is continuously reduced, as shown
n Fig. 9a–c. After introducing a 0.2 wt% of reinforcing non-
oated GNPs, the mean thickness of ∼2.8 m was attained.
egarding the SAC solder matrix, Cu6Sn5 phase with massive
nd coarse Ag Sn intermetallic with needle-like morpholo-3
ies are still present with some slight modifications compared
o the unreinforced soldered joint. The primary influence of
i-coating on the surface of reinforcing GNPs was in chang-ldered joint after aging treatment at 150 ◦C for 100 h.
ing the morphology of IMC particles through the SAC solder
alloy matrix and chemical composition of the IMC  layer at the
interface with the copper substrate (see Fig. 9d–f). For Ag3Sn
intermetallic particles inside the SAC solder matrix, the mor-
phology is nearly changed from needle-type into the equiaxed
with a more  elegant distribution. Moreover, besides improving
the compatibility of graphene with the solder alloy, a further
important role of nickel is changing the chemistry of the inter-
facial IMC  layer. In the new state, the interface layer with a
copper substrate consists of two phases with the different sto-
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Fig. 16 – Microstructure of nanocomposite soldered joints after aging treatment at a temperature of 150 ◦C for 100 h; (a–c)
0.05–0.2 wt%  GNPs and (d–f) 0.05–0.2 wt%  Ni-GNPs.ichiometry of Cu3Sn and (Cu, Ni)6Sn5. Also, the thickness of
these layers was increased by the presence of nickel slightly.
The effects of GNPs with and without nickel decoration on
the average thickness of the IMC  layer at the interface are
plotted in Fig. 10. In both cases, a decreasing trend can be
noted. Although, the slope of reduction was slightly lower in
the presence of nickel coating.
During the soldering process, the solder alloy and
nanocomposites were reflowed between two sheets of
copper, resulting in a change of the microstructure compar-
ing to that induced by P/M and M/A  processing routes due to
melting and solidification phenomena. Exposing the molten
solder alloy and nanocomposite against the copper substrate
leads to the occurrence of liquid-solid state chemical reactions
and the formation of the IMC  layer with a stoichiometry of
Cu6Sn5 at the interface caused by dissolution of Cu-substrate
into the molten solder material [2]. The morphology of the
Cu6Sn5 phase at the interface with the copper substrate was
found scalloped during the reflow process (see Figs. 8 and 9).
This Cu6Sn5 phase is well-known as  in Cu-Sn soldering
systems. However, another stoichiometry with the chemical
composition of Cu3Sn, named as ε phase, has the chance
of formation, as well. According to the reported data in the
literature [27], the driving force of  phase formation is con-
siderably higher with a lower kinetic barrier. Meanwhile, its
alteration to form the ε phase needs to overcome significantly
higher activation energy. In general, the increased diffusion
rate of Cu element by increasing temperature and time of
the reflow process leads to thickening of  phase layer with
a scallop type morphology and formation of ε phase after a
specific incubation time [27,60]. However, in the presence ofNi as a coating material on the surface of GNPs, it can rapidly
diffuse into the Cu-substrate interstitially. This second reac-
tion can change the chemistry of the IMC  layer to a more
stable ternary phase compound of (Cu, Ni)6Sn5. Although,
the primary effect of GNPs is on suppressing the kinetics of
IMC layer growth by retarding the migration of solidification
edge.
3.2.2.  Shear  properties
The real stress-strain curves for the lap-joints before and after
Ni-coating are demonstrated in Fig. 11a and b, respectively.
Also, the effects of GNPs incorporation, its content, and Ni-
coating modification on the main shear properties of soldered
joints are expressed in Table 2. The influence of non-coated
and Ni-coated GNPs with different substances on the shear
strength and flexibility of the soldered joints is illustrated
in Fig. 12a and b, respectively. Based on these flow curves,
three main issues can be highlighted, as follow; (i) incorpora-
tion of GNPs displayed a considerable influence on improving
the shear strength even though some elongation loss, (ii)
increasing the amount of GNPs up to 0.2 wt% leads to con-
tinuous enhancement of shear strength, and (iii) Ni-coating
modification exhibited very effective in keeping the elon-
gation to failure with a higher increase of strength [61,62].
Concerning the SAC solder alloy with a shear strength of
∼22.2 MPa and a ductility of ∼32.1%, by simultaneous employ-
ing of GNPs as reinforcing agent and Ni-coating modification,
the highest strength of ∼28.3 MPa is attained for solder
nanocomposite with the ductility of ∼16.1%. Therefore, a max-
imum shear strength enhancement ratio of ∼27.5% can be
noted. On the other side, without Ni-coating, incorporation
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Fig. 17 – (a) The average thickness of the IMC  layer at the
interface versus the content of reinforcing GNPs after aging
treatment at a temperature of 150 ◦C for 100 h. (b) Variations

























Fig. 18 – Tensile-shear flow behavior of the soldered joints
after aging treatment at a temperature of 150 ◦C for 100 h inetermine the inter-diffusion coefficient.
f GNPs up to a weight fraction of 0.2% leads to a shear
trength increase of ∼27.3 MPa with a minimum ductility
f ∼12.4%.
.2.3.  Fractographic  aspects
ll soldered joints failed either within the soldered area or
long with the interface between the continuous IMC  layer
nd solder material. By using GNPs as the reinforcing agent
n the form of non-coated or Ni-coated, the failure behavior
as changed from the IMC  control mode to the solder control
ode, in contrast to the interfacial controlling mechanism for
AC solder alloy. FE-SEM fractography for the fracture surfaces
elated to the Cu/SAC/Cu soldered joint is shown in Fig. 13.
ig. 14 illustrates the FE-SEM micrographs from the fracture
urfaces of the nanocomposite soldered joints with differ-
nt contents of GNPs before and after Ni-coating. As seen, by
ncreasing the content of GNPs, the fracture surface rough-
ess is increased, showing the failure mode changing from
MC  control to solder control. On the other hand, by introduc-
ng the GNPs and reinforcing the SAC solder matrix, it becomesore  brittle, and cracks path can be changed toward the
older material instead of following the IMC layer at the
nterface. Moreover, different fractographic features before
nd after Ni-coating can be noted (compare Fig. 14a–cthe presence of GNPs (a) without and (b) with Ni-coating.
and d–f), and it seems that in the presence of Ni-coating,
the fracture behavior tends to be more  ductile by show-
ing more  shear or dimple-like features on the fracture
surface.
3.3.  Effects  of  aging  treatment  on  the  microstructure
and mechanical  properties  of  the  soldered  joints
3.3.1.  Microstructure
Cross-sectional FE-SEM microstructure and EDS analysis
results for the Cu/SAC/Cu soldered joint after aging treatment
at a temperature of 150 ◦C for 100 h are shown in Fig. 15. As
evident, the thickness and composition of the IMC  layer at the
interface considerably changed after aging treatment. With a
thickening up to the range of ∼8.4–13.0 m,  the morphology
of the IMC  layer altered to the irregular columns. Further-
more, the composition of the IMC layer changed as well, and
the chemistry of this interfacial reaction zone tended toward
a different stoichiometry of Cu3Sn, caused by accelerating
the solid-state inter-diffusion of Cu and Sn elements during
aging treatment. Moreover, a new Ag3Sn IMC  layer formed
partially on the Cu6Sn5 IMC  layer. In Fig. 16, the cross-sectional
micrographs of solder joints with nanocomposite solders rein-
forced by GNPs before and after Ni-coating are demonstrated.
Concerning the SAC solder alloy in Fig. 15, less thickening
of the IMC layer can be noted, although this growth phe-
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Table 3 – Mechanical properties of soldered joints after post-aging treatment at a temperature of 150 ◦C for 100 h.
Solder material Modification E (GPa) Y (MPa) UTS (MPa) F (MPa) e (%)
SAC alloy – 46.1 15.9 25.0 11.8 41.2
SAC/0.05% GNPs nanocomposite Before Ni-coating 48.8 18.7 26.5 19.7 29.5
SAC/0.1% GNPs nanocomposite Before Ni-coating 49.0 16.5 25.8 23.1 20.5
SAC/0.2% GNPs nanocomposite Before Ni-coating 51.2 21.1 30.7 13.1 14.3
SAC/0.05% Ni-GNPs nanocomposite After Ni-coating 52.5 15.9 27.2 15.4 31.2
53.9 16.5 27.9 19.6 25.2
54.8 23.6 32.1 26.7 19.9
Fig. 19 – Effects of non-coated and Ni-coated GNPs on (a)
shear strength and (b) elongation to failure of the soldered
joints after aging treatment.SAC/0.1% Ni-GNPs nanocomposite After Ni-coating 
SAC/0.2% Ni-GNPs nanocomposite After Ni-coating 
nomenon was mainly temperature control. Despite the lower
thickness, the continuity and integrity of the IMC layer at the
interface was enhanced in the presence of GNPs as the rein-
forcing agent. Also, by comparing the matrix of the soldered
area between non-coated and Ni-coated GNPs nanocompos-
ite solders in Fig. 16a–c and d–f, it can be emphasized that by
increasing the content of GNPs as reinforcing agent from 0.05
to 0.2 wt%, the distribution of Ag3Sn and Cu6Sn5 intermetal-
lic particles through the SAC solder alloy matrix becomes
more  delicate and more  uniform/homogenous, which is fur-
ther enhanced in the presence of Ni-coating. Fig. 17a shows
the alteration of IMC  layer thickness as a function of reinforc-
ing agent content for both coated and non-coated conditions
after long term aging treatment at a temperature of 150 ◦C
for 100 h. It is evident that under both processing conditions,
the thickness of the IMC  layer at the interface is considerably
changed. Meanwhile, the trend of data evolution is different
from Fig. 10. As shown, by increasing the content of GNPs up
to 0.05 wt%, the thickness of the IMC  layer is decreased, and
after that, up to 0.2 wt%, it is continuously increased.
It is well-established that the formation and growth of the
IMC layer at the interface of solder material with the cop-
per substrate is a diffusion-controlled phenomenon for the
occurrence of the solid-state interfacial chemical reactions
[2]. According to a general parabolic equation, as follow, the
solid-state kinetics for growth of the IMC  layer can be modeled




In this relationship, xt is a parameter related to the thick-
ness of the IMC  layer at the interface, D̃ is the inter-diffusion
coefficient, and t is the solid-state aging time for isothermal
aging treatment. The parameter of xt includes the thickness of
the IMC  layer immediately after the reflow soldering process
plus to its thickening during aging treatment. It is worth to
note that the mentioned parabolic equation is satisfied for a
layered growth morphology of Cu6Sn5 phase at the interface.
Where the growth morphology is changed to a scallop-type
under the influence of interfacial diffusion/reaction controlled
phenomena, the above equation is not adequate anymore, and
ripening kinetics according to the below relationship must be
employed [2].
x3t = D̃t (2)Since the inter-diffusion phenomenon for different ele-
ments controls the formation of IMC  layer during the reflow
process and its growth kinetics during the solid-state agingtreatment, therefore the diffusion coefficient can be primar-
ily varied as a function of temperature through an Arrhenius
relation, as below [64]:






where D̃0 is the pre-exponential inter-diffusion coefficient fac-
tor, Q is the activation energy for inter-diffusion of elements,
k is the Boltzmann constant, and T is the processing temper-
ature. By combining Eqs. (1) and (3), it would be possible to
predict the thickening of the IMC layer during solid-state aging
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reatment in terms of the controlling parameters, which are
he aging temperature and aging time [2].
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According to this relationship, the solid-state growth of the
MC  layer is more  affected by the temperature rather than
ime. Meanwhile, by the simultaneous increase of the aging
emperature and time, the IMC  layer becomes massive and
enser. Fig. 17b illustrates the variation of IMC  layer square
hickness as a function of aging time. In contrast, the slope of
ines yields the inter-diffusion coefficient for the formation
f the IMC  layer at the interface. As shown, in the pres-
nce of nickel particles as a coating layer on the surface of
NPs, higher inter-diffusion coefficients are determined. Such
n effect can be attributed to increasing the configurational
ntropy in the multi-elements state for the formation of the
MC  layer at the interface [2].
On the other side, the phase transformation during the
olid-state aging treatment is mostly dependent on the hold-
ng time at a given aging temperature (see Figs. 15 and 16).
 change in the morphology of the IMC  layer at the interface
rom scallop-shaped into facets is noticeable as well, following
 prolonged aging time (compare Figs. 9 and 16). This alter-
tion in the appearance of the IMC  layer to planar is because
f Cu3Sn phase formation with dark-gray contrast as a result of
olid-state diffusion (see Fig. 9c, f, and c, f). Since the presence
f Cu6Sn5 phase can limit the inter-diffusion rate of Cu and Sn
toms as the main controlling factor on the solid-state chem-
cal reactions, the formation of Cu3Sn phase is carried out at
he interface with the Cu-substrate [65]. Usually, the aspect of
u6Sn5 is thicker than Cu3Sn, with more  irregular morphol-
gy. During aging treatment, by increasing the thickness of
he Cu3Sn phase, the aspect of Cu6Sn5 becomes thinner. Also,
here are some features related to the formation of Ag3Sn
ntermetallic phase next to the IMC  layer. Nevertheless, this
g-rich phase can only form during the reflow soldering pro-
ess, and it is mainly affected by the peak temperature. The
ging treatment, in terms of increasing the holding time, can-
ot influence the formation of Ag3Sn phase considerably [27].
.3.2.  Shear  properties
he effects of aging treatment at a temperature of 150 ◦C for
00 h on the flow properties of the soldered joints before and
fter Ni-coating are demonstrated in Fig. 18a and b, respec-
ively. Moreover, the main shear properties are expressed in
able 3. The influence of non-coated and Ni-coated GNPs with
ifferent contents on the shear strength and flexibility of the
oldered joints is plotted in Fig. 19a and b, respectively. For
ll samples, a simultaneous enhancement of shear strength
nd ductility can be noted as compared to the before the aged
tate. In regards to the SAC solder alloy without any reinforc-
ng agent, elongation to failure is improved more  than ∼41%.
or nanocomposite solders, aging treatment exhibited a more
rofound influence by increasing the content of GNPs, espe-
ially in the presence of Ni-coating. At the extreme state by
ncorporation of 0.2 wt% Ni-coated GNPs, a nanocomposite
oldered joint with a shear strength of ∼32.1 MPa and elon-
ation to failure of up to ∼19.9% was attained, showing the 0;9(4):8953–8970 8967
increasing strength and ductility ratios of ∼13.4% and 23.6%,
respectively, as compared to the none-aged state. In summary,
by simultaneous incorporation of GNPs and Ni-coating as well
as optimizing the isothermal aging treatment, an excellent
combination of shear strength (∼32.1 MPa)  and elongation to
failure (∼19.9%) was attained for the soldered joints. This find-
ing is unique, innovative, and applicable, whereas not reported
before in the literature.
3.3.3.  Fractographic  aspects
Exemplary FE-SEM images from the fracture surfaces of some
solder joints reinforced with non-coated and Ni-coated GNPs
after aging treatment are demonstrated in Fig. 20. In compari-
son with the fractography before aging treatment in Fig. 14, the
fracture surface morphology includes larger shear dimples as
a result of higher absorbed energy during the plastic deforma-
tion. It seems that by employing the Ni-coating modification,
the fracture surface tends to be more  ductile with a dimple
morphology according to the micro-voids coalescence mech-
anism, as shown in Fig. 20a–b, d–e. Although, by increasing
the content of GNPs, the average dimple size was decreased
(compare Fig. 20b, e and c, f). Furthermore, some instances
related to catastrophic/cleavage crack propagation along the
IMCs layer and particles can be highlighted by white color
features on the fractography (e.g., Fig. 20a upper right side).
4.  Conclusions
The SAC-GNPs nanocomposite solders were prepared in
contrast to the eutectic SAC solder alloy according to the pro-
cessing routes by powder metallurgy and mechanical alloy.
The main focus of this research was on elaborating the influ-
ence of GNPs content, Ni-coating modification, and isothermal
aging treatment on the solderability of these new materials on
the copper substrate and evaluation of the resulting mechani-
cal properties of the soldered joints. The essential conclusions
can be summarized as follow:
• By increasing the content of GNPs up to ∼0.2 wt%, a reduc-
tion of density by ∼0.25 g/cm3, an increase of melting
temperature by ∼7.7 ◦C and enhancement of the wetting
angle by ∼5.0 degree were obtained. In the presence of Ni-
coating by electroless decoration, these modifications were
more significant.
•  Formation of two types of intermetallic compound (IMC)
layers at the interface with the copper substrate with dif-
ferent thicknesses and morphologies and the chemical
stoichiometry of Cu3Sn and (Cu, Ni)6Sn was found very use-
ful in resolving the mechanical performance of soldered
joints.
• Increasing the weight fraction of GNPs up to ∼0.2% and
employing Ni-coating modification displayed considerable
influence on changing the composition ratio of the IMC
layer toward (Cu, Ni)6Sn phase as well as suppressing its
growth to a thickness layer <2.8 m.  Such an effect can be
attributed to the retarding action of nanoplatelets against
the propagation of the solidification edge.
• With increasing the content of GNPs up to ∼0.2 wt%, the
shear strength of solder joints continuously improved up to
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Fig. 20 – FE-SEM images from the fracture surfaces of failed nanocomposite soldered joints after aging treatment at a
temperature of 150 ◦C for 100 h at two different magnifications; (a, d) 0.05 wt% GNPs, (b, e) 0.05 wt% Ni-GNPs, and (c, f)
r
0.1 wt%  Ni-GNPs.
the highest value of ∼27.3 MPa (an increasing ratio of ∼23%
as compared to the SAC solder alloy), where the flexibility
continuously reduced down to ∼12.4% (a reduction ratio of
∼60%). These developments were found to be more  severe
in the presence of Ni-coating on the surface of nanoplatelets
with the highest strength of ∼28.3 MPa,  despite more  elon-
gation loss.
• Isothermal aging was highlighted as a very effective treat-
ment for simultaneous enhancement in shear strength and
ductility of the soldered joints, especially in the presence of
Ni-coating, up to the highest values of ∼32.1 MPa and 19.9%,
respectively. This post-processing action showed very oper-
ative by accelerating the diffusion of elements. As a result,
dominant combined ductile-brittle fracture behavior was
developed toward a more  ductile failure.
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